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Magnetism typically arises from a conspiracy
between Fermi statistics and repulsive Coulomb
interactions that favors ground states with non-
zero electron spin. As a result, controlling spin
magnetism with electric fields—a longstanding
technological goal[1]—can be achieved only in-
directly using spin orbit coupling. Here, we
experimentally demonstrate direct electric field
control of magnetic states in an orbital Chern
insulator[2–4], a magnetic system in which non-
trivial band topology favors long range order
of orbital angular momentum but the spins
remained disordered[5–12]. We use van der
Waals heterostructures consisting of a graphene
monolayer rotationally faulted with respect to
a Bernal-stacked bilayer to realize narrow and
topologically nontrivial valley-projected moire´
minibands[13]. At fillings ν = 1 and 3 electrons
per moire´ unit cell within these bands, we ob-
serve quantized anomalous Hall effects[14] with
Rxy ≈ h/2e2, indicative of spontaneous polariza-
tion of the system into a single valley-projected
band with Chern number C = 2. At ν = 3 we
find that the sign of the quantum anomalous Hall
effect can be reversed via field-effect control of
the chemical potential; moreover, this transition
is hysteretic, which we use to demonstrate non-
volatile electric field induced reversal of the mag-
netic state. A theoretical analysis[15] indicates
that the effect arises from the topological edge
states, which drive a change in sign of the magne-
tization and thus a reversal in the favored mag-
netic state. Voltage control of magnetic states
can be used to electrically pattern nonvolatile
magnetic domain structures hosting chiral edge
states, with applications ranging from reconfig-
urable microwave circuit elements to ultra-low
power magnetic memory.
The quantized anomalous Hall effect[16] occurs in two
dimensional insulators whose filled bands have a finite net
Chern number, and requires broken time-reversal sym-
metry. Chern bands arise naturally in graphene systems
when the Dirac spectrum acquires a mass, for instance
due to the breaking of sublattice symmetry in monolayer
graphene by a hexagonal boron nitride substrate[17]. Ab-
sent electron-electron interactions, bands located in the
two inequivalent valleys at opposite corners of graphene’s
hexagonal Brillouin zone are constrained by time reversal
symmetry to acquire equal and opposite Chern numbers.
In some graphene systems, a periodic moire´ superlattice
can be used to engineer superlattice bands which generi-
cally preserve the nonzero Chern numbers that arise from
gapping the incipient Berry curvature of the monolayer
graphene Dirac points[18]. When the bandwidth of the
superlattice bands is sufficiently small, the importance
of electron-electron interactions is enhanced leading to
symmetry breaking that manifests primarily as resistiv-
ity peaks at integer filling of normally four-fold degener-
ate superlattice bands[19–21]. Among the states poten-
tially favored by interactions are those with spontaneous
breaking of time reversal symmetry[6–12], and indeed fer-
romagnetism and quantum anomalous Hall effects have
been observed in both twisted bilayer graphene aligned to
hexagonal boron nitride[2, 3] and rhombohedral trilayer
graphene, also aligned to hexagonal boron nitride[4]. In
contrast to quantum anomalous Hall effects observed in
magnetically doped topological insulators which are spin
ferromagnets rendered strongly anisotropic by their large
spin orbit coupling, in graphene moire´ systems the spin
orbit coupling vanishes and the magnetism is thought to
be primarily orbital, leading these systems to be dubbed
‘orbital Chern insulators’.
Here we introduce another moire´ heterostructure that
shows quantized anomalous Hall effects. As shown in Fig-
ure 1a, our devices consist of a graphene monolayer rota-
tionally faulted with respect to a Bernal stacked graphene
bilayer, which we refer to as twisted monolayer-bilayer
graphene (tMBG). The tMBG moire´ consists of a tri-
angular lattice of ABB-stacked regions interspersed with
more structurally stable ABA and ABC regions, as illus-
trated in Figure 1a; in the low energy bands, wave func-
tions are localized near the ABB regions. Our devices
are fabricated by applying a ‘cut-and-stack’ method to
an exfoliated graphene flake that contains both mono-
layer and bilayer graphene regions (see Methods and
Figure S1). Two graphite gates above and below the
tMBG layer allow independent control of the overall car-
rier density n = ctvt + cbvb and electric displacement
field, D = (ctvt − cbvb) /20, where vt(b) is the applied
voltage and ct(b) is the capacitance per unit area of the
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FIG. 1. Twisted monolayer-bilayer graphene. a, Crystalline structure of small angle twisted mono-bi twisted graphene.
ABB regions form a triangular lattice separated by regions of ABA and ABC stacking. b, Schematic of our dual-gated devices.
Top and bottom gate-voltages vt and vb are used to control both total carrier density n and the electric displacement field
D as described in the main text. c, Longitudinal resistance Rxx measured at T ≈ 20 mK and d, transverse resistance Ryx
measured at T=1.35 K and B = ±0.75 T. Both are plotted as a function of carrier density n and D for device D1 with
twist angle θ = 1.25◦. e, Band structure calculated from a continuum model (see Methods and SI(II)) for displacement field
D = −0.6 V/nm. f, Band structure for D = 0 and g, D = 0.58 V/nm. h, Single particle energy gaps calculated for ν = −4, 0,
and +4. In e-h, we use a dielectric constant bg = 4 to convert the interlayer potential difference to a displacement field,
∆U = eDd/bg, where d=3.3 A˚ is the graphene interlayer separation.
top (bottom) gate (see Figure 1b).
Figs. 1c-d show longitudinal and Hall resistance as a
function of n and D for a device with interlayer twist
angle θ ≈ 1.25◦. Additional data from devices with a
range of twist angles between 0.9 and 1.4◦ are shown in
Fig. S2. All devices show resistance peaks at ν = ±4,
where ν = nAu.c. denotes the number of carriers per su-
perlattice unit cell, Au.c. =
√
3a2/(2 sin2 θ) is the unit cell
area and a = 2.46 A˚ is the lattice constant of graphene.
Correlated states, revealed by sign changes in the Hall
resistance and peaks in the longitudinal resistance are
observed near ν = 1, 2 and 3 for devices with θ = 1.25◦
and 1.4◦. They appear only within a narrow range of
displacement fields near D ≈ 0.4 V/nm, with onset tem-
peratures as high as 20 K (Figure S3). In all such devices
an anomalous Hall effect is observed at ν = 1 and ν = 3,
as shown in S4 and S5.
Similar observations in rotationally faulted bilayer-
bilayer graphene[22–26] have been interpreted as aris-
ing from displacement field tuned formation of an iso-
lated narrow band, and consequent spontaneous break-
ing of spin, valley, or lattice symmetries that result in
correlated insulating states at integer fillings. A previ-
ous theoretical study[13] has suggested that tMBG simi-
larly hosts narrow electronic bands at small twist angles
around 1.2◦. In our data, the domains of displacement
field over which correlated physics is observed aligns with
where single particle numerical simulations (Figure 1e-
h) show the formation of a narrow, isolated band. The
electronic band structure of tMBG arises from the moire´-
induced hybridization of the monolayer graphene Dirac
cone (located at the κ point in the band structure dia-
grams of Figs. 1e-g) with the parabolic low energy band
of the bilayer (at the κ′ point). When the displacement
field D = 0, low-energy valence and conduction bands
are isolated from the other bands but overlap with each
other, giving rise to gaps at ν = ±4 but not at ν = 0. At
intermediate values of |D| a gap opens at charge neutral-
ity leading to the formation of isolated conduction and
valence bands with nonzero Chern number. Further in-
crease of |D| then leads to band overlap between the low
energy bands and higher energy dispersive bands. Cor-
related states at integer filling, accompanied by ‘halos’
of changed resistance relative to the background at non-
integer filling, appear in the intermediate regime where
both calculations (Figure 1h) and experimental data in-
dicate the formation of a narrow and isolated conduction
band.
We focus on the n > 0, D > 0 narrow-band regime, a
detail of which is shown in Figure 2a. At ν = 2, we ob-
serve a robust insulator, consistent with a topologically
trivial gap. At both ν = 1 and 3, however, the resistance
3FIG. 2. C=2 orbital Chern insulators. a, High resolution plot of Rxx measured at T=1.35 K and B=0 in device D1. b,
Ryx and Rxx measured as a functiong of B at 1.43 K near ν = 1, at n=0.9×1012cm−2 and D = 0.5 V/nm, and c, near ν =3, at
n=2.77×1012cm−2 and D = 0.39 V/nm. d, B and n dependence of Ryx near ν = 1 measured at T=20 mK and (e) near ν = 3
measured at T=1.35 K. Tilted dashed lines show the slope expected for gaps associated with Chern number C = 2, matching
the n− B evolution of the plateaus in Ryx. Insets at right in panels d and e shows the Ryx plotted along the dashed lines. f,
Temperature dependence of the hysteresis loop height at B = 0, ∆Ryx for ν = 1 and ν = 3. Hysteresis vanishes at TC ≈ 5 K
and TC ≈ 7 K, respectively, defining a lower bound for the Curie temperature.
at B=0 is both noisy and comparatively low. Magnetore-
sistance measurements (Figs. 2b-c) reveal that the noise
is due to magnetic hysteresis. In both cases, we observe
rapid switching between states with Ryx ≈ ±h/2e2, ac-
companied by a low Rxx . 1 kΩ. The saturation of the
Hall resistance near h/2e2 is suggestive of polarization
into bands with Chern number 2. This conclusion is cor-
roborated by the Streda formula[27], C = (h/e)∂n∗/∂B,
which relates the slope of the density n∗ at which the
Hall plateau appears to the magnetic field (Figs. 2d-e).
Chern 2 bands were previously predicted[13] and are con-
sistent with our own band structure calculation, which
indicated that the conduction band has C=2 for positive
displacement field (∆U > 0).
It is notable that tMBG, in contrast to both rhom-
bohedral trilayer graphene and twisted bilayer graphene,
does not rely on precise alignment to hexagonal boron
nitride making it, strictly speaking, the first all-carbon
quantum anomalous Hall system. However, our obser-
vations at ν = 1 and ν = 3 are in many ways qualita-
tively similar to the quantum anomalous Hall effect char-
acterizations reported previously[2–4]. For instance, the
magnetic transitions tend to occur via several discrete
steps, corresponding to a small number of micron-sized
mesoscopic domain reversals. Temperature dependent
measurements show Curie temperatures—defined here by
the onset of hysteresis—of TC ≈ 5 K for ν = 1 and
TC ≈ 7 K for ν = 3 (see Figures 2f as well as S6-S7),
again similar to previous reports of ferromagnetism in
moire´ heterostructures[2, 3, 21].
Striking new phenomena are, however, observed in the
n-dependence of the Hall effect. Specifically, whereas Ryx
changes smoothly as a function of n near the ν = 1 or-
bital Chern insulator, it exhibits erratic switching be-
havior near ν = 3 (Figure 2d,e). To investigate this phe-
nomenon, we perform a dense series of hysteresis loop
measurements in the vicinity of ν = 3 at higher tem-
perature, where we expect that domain wall pinning is
weaker and hysteretic effects are somewhat suppressed
(Figure 3a-c). While the sense of the Hall resistance
change with B is fixed near ν = 1, it reverses abruptly
upon crossing ν = 3. The switch occurs with minimal
change in the magnitude of Ryx, which remains close to
the quantized value. This suggests that the reversal oc-
curs via a change in the product of the magnetization
sign and the Chern number sign, which we refer to as
the magnetic state. This is further evidenced by the n-B
map of Ryx (see Figs. 3d,e), which shows that the Ryx
changes sign at n ≈ 2.76 × 1012cm−2, corresponding to
ν = 3. An additional manifestation of the inversion of
the sign of the magnetization of a given magnetic state
is the abrupt upturn in the coercive field in the close
vicinity of the reversal point shown in Figure 3b. This
phenomenon is qualitatively consistent with a picture in
4FIG. 3. Doping induced magnetization reversal. a, Hysteresis loops measured at T=6.4 K for several densities near
ν = 3. From top to bottom, n=2.807, 2.773, 2.758, 2.748, 2.734 ×1012cm−2, with colors corresponding to arrows in panel (b).
Curves are offset by h/e2. b, ∆Ryx = R
B↓
yx −RB↑yx near ν=3 measured at 6.4K. c, ∆Ryx near ν=1 measured at T ≈ 20 mK. d,
Ryx as a function of field and doping at 6.4 K with doping the fast sweep direction. e, Schematic diagram of the free energy F
versus order parameter for the two magnetic states. For a fixed sense of valley polarization, the orbital magnetization reverses
sign with doping. f, At fixed magnetic field the systems therefore switches between K and K′ valley polarization.
which the total magnetization M changes sign for a fixed
sense of valley polarization by passing through zero; near
M = 0, the coupling to the magnetic field vanishes lead-
ing to a divergence of the coercive field.
We propose that our results arise from the unique
features of orbital Chern insulators. In particular, the
protected edge states required by their nontrivial topol-
ogy are occupied and contribute to the magnetization
when the insulator is slightly n-doped, but not when it
is slightly p-doped[15]. The edge state contribution leads
to a jump δM in the magnetization across the Chern
insulator gap,
δM = C
∆
pi~2/meAu.c.
· µB
Au.c.
(1)
where me is the electron mass, Au.c. is the unit cell area,
∆ is the gap, and µB is the Bohr magneton. While this
effect is present in all Chern insulators, it is negligible
in magnetically doped topological insulators[14] where
time-reversal symmetry is broken primarily by sponta-
neous spin-polarization. In these systems, the total spin
magnetization is of order 1µB/Au.c. with Au.c. the atomic
surface unit cell. Since ∆ is on the order of a few meV,
∆  ~2/(mAu.c.) and the edge-state orbital magnetiza-
tion is dwarfed by spin magnetization.
In graphene moire´ orbital Chern insulators the bulk
orbital magnetization is again of order 1µB/Au.c.. How-
ever, the large unit cell area allows for the prefactor in
Eq. 1 to be of comparable or larger magnitude. When
this edge state contribution is sufficiently large, it can
lead to a reversal in the sign of the net magnetiza-
tion across the energy gap. For instance, taking mea-
sured energy gaps for quantum anomalous Hall states
in twisted bilayer graphene[3] produces an estimate of
δM ≈ µB/Au.c.. Indeed, a reexamination of transport
data from the tBLG device aligned to hexagonal boron
nitride studied in Ref. 3 finds a similar, though much less
dramatic, change in the sense of the hysteresis loop ac-
companied by a similar divergence of the coercive field
near (though not precisely at) ν = 3 (see Figure S8). We
note that the magnetization of an orbital magnet can
in principle change sign at any filling factor, but that it
is more likely at integer ν because the magnetization is
discontinuous at this density.
Because an external magnetic field favors the state
with positive magnetization, changing the sign of M
is predicted to drive a reversal of the sense of valley
polarization as the chemical potential crosses the gap
(see Figure 3e). The quantized Hall effect sign rever-
sal is thus due to a change in magnetic state, in con-
trast to previously observed anomalous Hall effect sign
reversals[28, 29] arising from a change in the sign of the
total anomalous Hall effect for a given magnetic state.
As a result, electric field induced hysteretic behavior is
possible in our case since the two states are separated by
an energy barrier. Fig. 4a depicts the difference (again
denoted ∆Ryx) between traces and retraces of field-effect
tuned density, acquired as B is stepped. Near ν = 3, Ryx
5FIG. 4. Nonvolatile electrical control of a magnetic state at T=6.4K. a, Electric field hysteresis. Color scale encodes
the difference between trace and retrace as the density is swept using electrostatic gates, with each trace-retrace taken at fixed
magnetic field. Reproducibility of magnetization switches is shown in Figure S9. b, Examples of hysteresis loops in both n and
B. c, Time series of alternating pulses of field-effect density and magnetic field showing reproducible and nonvolatile switching
of the magnetic state, as read by the resulting Hall resistance.
shows a finite signal in this channel, indicating hysteresis
in gate voltage sweeps at fixed magnetic fields as high as
several hundred millitesla.
Electric field control of magnetic states provides a re-
liable experimental knob to realize nonvolatile switch-
ing of magnetization. We find that at 80 mT, n=2.77×
1012 cm−2, and T = 6.4 K, states of opposite polariza-
tion can be controllably switched using either excursions
in n or B, as shown in Figure 4b. Figure 4c shows this
principle applied to nonvolatile switching of the mag-
netic state using both B excursions at constant n and
n excursions at constant B. Switches occur with per-
fect fidelity and appear to be indefinitely nonvolatile at
this temperature. We note that as for current- and mag-
netic field-driven switching, the excellent reproducibil-
ity of field-effect switching ultimately arises from the ab-
sence of states with partial or intermediate valley polar-
ization, or equivalently the extreme anisotropy inherent
in a purely orbital two dimensional magnet.
Why is the field-effect reversibility so robust in tMBG
at ν = 3, but weak in twisted bilayer graphene at ν = 3
and absent at other filling factors in either system? Field
reversibility requires that the edge state contribution to
the magnetization, δM , reverses the sign of the total
magnetization. Our calculations for both tMBG and
twisted bilayer graphene aligned to hBN indicate that
δM and Mbulk–defined as the total magnetization when
the chemical potential is at the bottom of the gap—
normally have opposite sign. To ensure field reversibility,
one thus wants to maximize the magnitude of the edge
state contribution while minimizing the magnitude of the
bulk contribution. The large Chern numbers in tMBG
are certainly helpful in this regard, as they increase δM .
In addition, our theoretical analysis indicates that in odd
layer systems, exchange splitting between bands arising
from valley polarization further decreases the magnitude
of Mbulk. This effect, which includes contributions from
bands far from the Fermi level, is present in tMBG but
absent in twisted bilayer (see SI for details). The ex-
change contribution is expected to be larger at ν = 3
than at ν = 1, possibly explaining why we see reversible
Chern insulators at ν = 3 but conventional Chern insu-
lators at ν = 1 in tMBG.
Orbital magnets realized at room temperature would
be immediately applicable as embedded magnetic mem-
ory in logic devices. Candidates for higher temperature
operation include other moire´ systems in which the lat-
tice constant is smaller and the correlation energy conse-
quently larger, assembled either by van der Waals stack-
ing or using non-epitaxial growth techniques[30]. Even
restricted to cryogenic temperatures, there exist several
immediate opportunities that leverage gate switchable
chirality in a quantum anomalous Hall system. As a
simple example, orbital Chern insulators could be used
6as the central elements in reconfigurable and compact
microwave circulators[31], which may be useful for scal-
ing up quantum information processing. Meanwhile,
integrating orbital Chern insulators with superconduc-
tors may permit new device architectures devoted to
the detection and manipulation of extended Majorana
zero modes[32]. Taken together, our results highlight
the novel opportunities for controlling functionality that
arise from the realization of purely orbital magnetic sys-
tems.
7METHODS
Van-der-Waals heterostructures for tMBG devices are
fabricated by a dry transfer technique based on a poly-
carbonate film on top of a polydimethyl siloxane (PDMS)
stamp. The heterostructure is assembled in two steps to
minimize the chance to disturb the twist angle at the crit-
ical monolayer-bilayer interface. First a two layer stack
with hBN at the top and graphite layer at the bottom is
picked up and transferred to a bare Si/SiO2 wafer. This
partial stack is annealed in vacuum at 400◦ C to remove
polymer residues from the top surface. A second stack
consisting (from top to bottom) of hBN-FLG-hBN-BLG-
MLG is then assembled and transferred on top of the first
one. Crucially, the angle registry between the MLG and
BLG is ensured by starting from a single exfoliated flake
that includes both MLG and BLG domains. The flake is
then cut with a conducting atomic force microscope tip in
air (see Figure S1). The MLG piece is picked up, an inter-
layer twist introduced by substrate rotation, and then the
BLG pieced picked up. All flakes except MLG and BLG
are picked up at approximately 90◦ C; the MLG, BLG,
and the transfer to the final substrate are made at 30◦ C
to preserve the twist angle of the structure. Devices are
then fabricated using standard e-beam lithography and
CHF3/O2 etching, and edge contacts are made by depo-
sition of Cr/Pd/Au (1.5/15/250 nm). Transport mea-
surements were performed using SRS lock-in amplifiers
and SRS current and voltage preamplifiers with typical
excitations in the range 1-10 nA at 17.77 Hz. Measure-
ments were performed in either a cryogen free dilution
refrigerator, with the sample in vacuum, or in the case of
Figure S3, in a wet variable temperature insert with the
sample in helium vapor.
Quoted twist angles are determined from the periodic-
ity of the Hofstadter features observed in magnetic field
that arise from the interplay of the moire´ superlattice
period and magnetic length. Band structure simulations
are performed within a continuum model analogous to
that of Reference[19] for the coupling between the top
and middle layers while the middle and bottom layers
are treated as Bernal-stacked bilayer graphene. More de-
tails are in SI (II).
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I. METHODS
FIG. S1. tMBG devices. a, b optical image of a typical graphene flake containing both MLG and BLG domains. Dashed
lines in (b) show the lines along which the flake was cut using AFM. c, d, e, f Optical images of completed tMBG devices D1,
D2, D3, D4. Scalebar is 10 µm.
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FIG. S2. Longitudinal resistance of tMBG devices with different twist angles. Longitudinal resistance Rxx of devices
a, D1 (θ ≈ 1.25◦), b, D2 (θ ≈ 1.25◦), c, D3 (θ = 1.385◦), and d, D4 (θ ≈ 0.9◦). All measurements done at zero magnetic field
and T ≈ 20 mK.
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FIG. S3. Temperature dependence of the correlated states in device D1. a. Temperature dependent resistance
measured at D=0.43 V/nm in device D1. a, b Temperature-dependent resistance at selected carrier densities, marked by
arrows in (a).
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FIG. S4. Development of Hall resistance at different n and D in device D1. a. Longitudinal resistance Rxx of the
correlated region at B = 0 T. b-e. Hall resistance Ryx measured at n and D marked by dots in a. f. Zoom in of Rxx around
ν = 1. Ryx measured along the line cut I, II, and III are present in g-i. Ryx in the plots are shifted by an offset.
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FIG. S5. Development of Hall resistance in device D3. a. Longitudinal resistance Rxx of the correlated region at B = 0
T. b. Hall resistance Ryx of the same region as in a. c. Temperature dependence of Ryx at ν = 1. The anomalous Hall effect
disappears at 4.2 K. d. Rxx of the correlated region measured at B = 2 T. Ryx along the line cuts I-V are plotted in panels
e-i.
FIG. S6. Temperature dependence of the hysteresis at ν = 1 and 3. a, b. Insets show the temperature dependence of
the height of the hysteresis loop height, as defined in Fig 3a.
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FIG. S7. n and B dependence of the measured anomalous Hall effect, plotted at selected temperatures for
D = 0.4 V/nm. Temperatures are labeled on individual panels.
FIG. S8. Magnetization reversal in twisted bilayer graphene. a. Anomalous Hall resistance ∆Ryx associated with
twisted bilayer graphene ferromagnetism, extracted by subtracting Ryx(B) as B is increased from Ryx(B) as B is decreased.
Colorscale is fixed to the von Klitzing constant in the top of the plot to show the range of filling factors for which a robust QAH
effect is observed. The colorscale axis is dramatically reduced in the bottom plot to illustrate weak features in ∆Ryx(ν). For
ν < 3, the coercive field of the ferromagnetic order increases dramatically, peaking at ν = 2.82 electrons per moire´ unit cell. For
ν < 2.82, ∆Ryx switches sign, indicating that the valley polarization of the ground state of the system at finite magnetic field
has switched. b. Robust Chern 1 QAH effect at ν = 3.1. c. Ferromagnetic hysteresis plots on opposite sides of the divergence
of the coercive field close to ν = 2.82 (with offset). Note the change in the relative sign of ∆Ryx.
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FIG. S9. Repeatability of magnetization switching with B and n. a Repeated magnetic field hysteresis loops. b
Repeated doping hysteresis loops. Both panels taken under conditions analagous to those in Figure 4b, described in the main
text.
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II. MOIRE´ MINIBAND SIMULATION
The valley- and spin-projected k-space continuum model Hamiltonian of tMBG acts on six-component k ·p spinors
Ψ = (χ1A, χ1B , χ2A, χ2B , χ3A, χ3B)
T that describe slow spatial variations of the carbon pi-orbital amplitudes on each
of the trilayer’s six sublattices. Using a momentum-space representation for the spinor components, the Hamiltonian
is
H(k) =
hθ/2(k) T 0T † h−θ/2(k) TBernal
0 T †Bernal h−θ/2(k)
 . (S1)
Here T is the interlayer tunneling between the monolayer and the adjacent Bernal layer[19],
Tk′,k = w
3∑
j=1
δk′,k−qjTj , (S2)
where the sublattice-dependent hopping matrices Tj and the momentum jumps qj are defined in Ref. 19. In our
calculations we took the tunneling strength to be w = 117 meV and reduced the diagonal elements of Tj to wAA =
0.7wAB = 82 meV to account[33] for corrugation and strain effects. For the intralyer Hamiltonains we used pi-band
Dirac models[34] that allow for sub-lattice dependent energies εA and εB :
hθ(k) =
(
εA −γ0f(k)
−γ0f∗(k) εB
)
≈
(
εA ~vD|q|e−i(θq−θ)
~vD|q|ei(θq−θ) εB
)
, (S3)
where γ0 = 3090 meV is the intralayer nearest neighbour hopping amplitude,
f(k) =
3∑
j=1
eik·δj , (S4)
δj are three honeycomb-lattice nearest neighbour vectors, and q = k−K is the crystal momentum measured from the
graphene Brillouin-zone corner. We take the Dirac velocity vD ≈ 106m/s. Finally, TBernal is the interlayer tunneling
between the middle and bottom Bernal-stacked layers:
TBernal =
(
γ4f(k) −γ3f∗(k)
γ1 γ4f(k)
)
(S5)
Here we used the Slonczewski-Weiss-McClure model parameters γ1 = 400 meV, γ3 = 300 meV, γ4 = 150 meV[34, 35].
The sublattice energies were taken to be identical on both sublattices within each graphene layer, thereby ignoring the
possible influence of the hBN encapsulating, but layer dependent to account for the displacement field. The potential
difference between layers was taken to be ∆U = eDd/bg with D the displacement field, d = 3.3 A˚ the graphene
interlayer separation, and bg = 4 a background dielectric constant that accounts for remote-band polarization in the
graphene sheets.
III. ELECTRICAL REVERSIBILITY
Orbital Chern insulators have been observed in both tMBG with a finite displacement field and in magic-angle
twisted bilayer graphene (tBLG) encapsulated by hexagonal boron nitride (hBN). We note that the magnetization
of an orbital Chern insulator can in principle change sign for a given sense of valley polarization at any band filling
factor ν, but that it is overwhelmingly more likely to change sign at integer ν where the magnetization can be
discontinuous. We therefore focus on the issue of when the magnetization is likely to change sign across a gap
characterized by a non-zero Chern number. The magnetization of tBLG orbital Chern insulators has been previously
discussed using a continuum model approach[15]. Here we use the same approach to compare theoretical expectations
for the magnetizations on opposite sides of the ν = 1 and ν = 3 gaps for both tBLG and tMBG.
As explained in[15] the continuum model magnetization is a sum over separate contributions from different spin
and valley flavors. We will account for time-reversal-symmetry breaking using a simplified mean-field approach in
which the quasiparticle energies for a particular spin-valley flavor are shifted downward by a momentum-independent
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FIG. S10. Schematic Orbital Chern Insulator Density of States. For each flavor all band energies are shifted down by
exchange energy U when the first conduction band is occupied. a Fermi level interval (µ2, µ1) in the ν = 3 gap. b Fermi level
interval (µ2, µ1) in the ν = 1 gap.
exchange constant U when the lowest energy conduction band is occupied for that flavor, leaving the quasiparticle
wavefunctions unchanged. This prescription approximates the predictions of self-consistent Hartree-Fock mean-field
theory[36]. The resulting mean-field bands are illustrated schematically in Fig. S10. Insulating states occur when the
energy shift U is greater than the width wc of the conduction band results in a gap
∆ = min{U − wc, Eg}. (S6)
Here Eg is the gap between the valence and conduction bands in the absence of the exchange interaction shift. If we
choose our zero of energy at the middle of the conduction-valence energy gap in the absence of the energy shift, it
follows that for both ν = 3 and ν = 1, the bottom of the conduction band of the unoccupied flavor (or flavors) is at
energy µ1 = Eg/2. The energy at the top of the highest occupied band is µ2 = µ1 −∆.
The requirement for a magnetization sign change across the gap can be expressed in terms of the magnetizations
at chemical potential µ1 (M(µ1)) and at chemical potential µ2 (M(µ2)):
M(µ1) ·M(µ2) < 0. (S7)
M(µ1) and M(µ2) differ by the magnetization jump across the gap, δM = M(µ1)−M(µ2), which is proportional to
the Chern number of the time-reversal partner of the unoccupied bands. Assuming higher occupation of valley K,
the case shown in Fig. S10,
δM = CcK∆/2pi. (S8)
where CcK is the Chern number of the flat conduction band in valley K. Magnetization sign reversal will occur if δM
is large enough and has the correct sign:
δM ·Mbulk < 0
|δM | − |Mbulk| > 0
(S9)
Here Mbulk is the total magnetization when the edge states in the gap are unoccupied, i.e. when the chemical potential
is at the bottom of the gap: Mbulk = M(µ2).
In order to identify the influence of the flavor-dependent energy shifts and occupations in the broken time-reversal
symmetry state, we write the magnetization in the following form (e = ~ = 1):
M(µ) =
∑
m,f
(
M˜mfnmf +
µCmfnmf
2pi
)
+ U
∑
m,f∈fshift
Cmfnmf
2pi
. (S10)
Here m is a band index, f is a spin/valley flavor index, fshift is the set of flavors that have had energies shifted by
conduction band occupation, nmf is the band occupation, Cmf is the band Chern number, and M˜mf is the M1 portion
of the magnetization defined in[15], evaluated with the zero of energy located at the middle of the gap Eg between
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the conduction and valence bands for that flavor. In Eq. (S10) we have used that the magnetization contribution of
an occupied band shifts by −CmfδE/(2pi) when band energies are rigidly shifted by δE.
When we apply Eq. (S10) to ν = 3 we have two occupied conduction bands in valley K and one occupied conduction
band in valley K ′, as shown in Fig. S10a. Since the band occupation numbers of all valence bands are equal and
M˜mK = −M˜mK′ it follows that ∑
mf
M˜mfnmf = M˜cK , (S11)
where M˜cK is the M1 magnetization of the lowest energy conduction band in valley K. Since opposite valleys also have
opposite Chern numbers, the sum of the Chern numbers over all occupied bands comes only from the uncompensated
conduction bands and is CcK . On the other hand the sum of the Chern numbers over all occupied bands that suffer
an energy shift is CcK + CvK + Cv′K where CvK is the Chern number of the highest energy valence band in valley
K and Cv′K is the corresponding sum over all remote valence bands. The final expression for the magnetization as a
function of chemical potential in the ν = 3 gap is
M(µ) = M˜cK +
U(CcK + CvK + Cv′K) + µCcK
2pi
. (S12)
The same equation applies for ν = 1 since the two conditions differ by changing the occupation numbers and shifting
the energies of two bands that are in opposite valleys. We emphasize that the energy shift contribution is proportional
to the sum of the Chern numbers of all shifted bands, and has a contribution from the valence bands because the
energy shifts are valley-dependent. On the other hand, the chemical potential shift contribution is proportional to
the sum of all occupied-band Chern numbers, and this does not have a valence band contribution.
In Fig. S11a, we plot Chern numbers CcK , CvK and Cv′K of 1.25
◦ tMBG vs. displacement field D. CcK +CvK = 1
and Cv′K = −0.5 are both independent of D. The Chern numbers are obtained by momentum space integration. The
two flat bands touch either at κ or κ′ near the yellow-shaded regions (where the numerical results become inaccurate),
transferring Berry curvature between them. The half-odd-integer value of Cv′K is expected in a continuum model
with an odd number of graphene layers since the Berry curvature integrated over all valence band states is ±3/2
in the decoupled trilayer limit when sublattice symmetry is weakly broken. When moire´ bands are formed, the
integrated Berry curvature of each isolated moire´ miniband must however be an integer. In gate biased tMBG our
results show that integers are achieved by transferring Berry curvature between conduction and valence bands with
a sense that depends on the sign of D. Note that both M(µ1) and M(µ2), but not their difference, is dependent on
Cv′K . This feature of our magnetization calculations is the continuum model manifestation of the band-Hamiltonian
property[37] that the orbital magnetization vs. µ curve over some narrow interval can be shifted by a constant by
band rearrangements at very remote energies. Our continuum model estimates are therefore more uncertain for the
mean value of M(µ1) and M(µ2) than they are for their difference δM .
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FIG. S11. Valley K Chern numbers: Cc, Cv and Cv′ are Chern numbers for the flat conduction band, the flat valence band
and integrated Berry curvatures summed over all remote valence bands. a Chern numbers of 1.25◦ tMBG vs. displacement
field D. The two flat bands touch, either at κ or κ′, near the yellow-shaded region. b-d Chern numbers of 1.1◦ tBLG. b
One-side alignment model vs. m1. The mass of the other graphene layer m2 = 0. c Two-side alignment model vs. m1 = m2.
d Two-side alignment model vs. m1 = −m2.
As a comparison, we also show the corresponding Chern numbers (Fig. S11b-d) of 1.1◦ tBLG. The driver of non-
trivial topology in the valley-projected bands in this case is sublattice symmetry breaking by encapsulating hBN layers
19
(or spontaneously due to electron electron interactions) which induces masses (non-zero values of ml = εAl − εBl)
in adjacent layers l. We compare the cases in which the mass on one graphene layer m1 6= 0 and the mass on the
other graphene layer m2 = 0, which corresponds to a case in which only one graphene layer is nearly aligned with
hBN. In this case, shown in Fig. S11b, the Chern numbers of flat bands are Cc(v) = ±1 and the total Chern number
of all remote valence bands is Cv′ = 0. Moire´ miniband formation no longer forces a transfer of Berry curvatures
between conduction and valence bands, and none occurs. When m1 = m2 6= 0, corresponding to both graphene layers
being nearly aligned with the surrounding hBN layers and having the same relative orientation, the flat band Chern
numbers shown in Fig. S11c are again Cc(v) = ±1, and the total Chern number of all remote valence bands is again
Cv′ = 0. If both graphene layers are nearly aligned but have opposite relative orientations with hBN, i.e. m1 = −m2,
the Chern numbers vanish as shown in Fig. S11d.
Given these results for the Chern numbers the following two equations apply at both ν = 3 and at ν = 1 in tMBG:
M(µ1) = M˜cK +
EgCcK/2 + U/2
2pi
, (S13)
and
Mbulk ≡M(µ2) = M˜cK + (Eg/2−∆)CcK + U/2
2pi
. (S14)
The corresponding equations for tBLG are:
M(µ1) = M˜cK +
EgCcK/2
2pi
, (S15)
and
Mbulk ≡M(µ2) = M˜cK + (Eg/2−∆)CcK
2pi
. (S16)
In the tMBG case, polarization toward valley K implies a positive conduction band Chern number CcK for positive
displacement field, and therefore implies that δM > 0. Electrical reversal is possible only if Mbulk is negative for
positive displacement field and the gap ∆ is larger than pi|Mbulk|. For the tBLG case, polarization toward valley K
implies a positive (negative) conduction band Chern number for negative (positive) m1. Electrical reversal therefore
requires that Mbulk is negative (positive) for negative (positive) m1 and that the gap ∆ is larger than 2pi|Mbulk|.
Figures S12a-c show the dependence of δM , Mbulk, and |δM | − |Mbulk| in tMBG on U and D. Gapless regions
that correspond to (U < wc) or overlapping conduction and valence bands are marked as ”metallic” in Fig. S12.
Fig. S12c identifies regions where δM and Mbulk are opposite in sign and δM has a larger magnitude as reversible
Chern insulators (RCI), and other regions where the state is insulating as conventional Chern insulators (CCI). We
see that RCI states occur for positive displacement fields when the exchange energy U is large enough. Since we
expect the effective value of U to be smaller when the filling factor is closer to zero and the overall flat band system is
therefore closer to half-filling - enhancing screening and correlation corrections to mean field theory - the experimental
finding that RCI states occur for ν = 3 but not for ν = 1 is consistent with Fig. S12.
As a comparison, we also show the corresponding phase diagrams (Fig. S13) of 1.1◦ tBLG. Note that insulating
states appear only beyond a minimum U but require only infinitesimal masses. Interestingly we find CCI states for
one-side alignment and RCI states for two-side alignment. As we see in Fig. S13 the difference can be traced to a
difference in the signs of M(µ1) in the two cases:
M(µ1) =
{
|Mbulk| − |δM |, if m1 > 0
|δM | − |Mbulk|, if m1 < 0
(S17)
The sign of M(µ1) is dependent on a competition between the M˜cK and Chern number terms in Eq. (S15). Two-
sided alignment increases sublattice-symmetry breaking and increases both the magnitudes of the conduction-valence
energy-gap Eg and M˜cK . In our numerical calculations, however, the magnitudes of M˜cK is doubled by two-side
alignment, whereas the energy gap Eg is increased by more than a factor of three, changing the sign of M(µ1). Since
we expect that electron-electron interactions will also enhance the energy gap by a larger factor than they enhance
M˜cK , RCI behavior likely occurs for one-side alignment as well when interaction effects are described in greater detail.
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